To psychoradiologically investigate the topological organization of single-subject gray matter networks in patients with PTSD. Eighty-nine adult PTSD patients and 88 trauma-exposed controls (TEC) underwent a structural T1 magnetic resonance imaging scan. The single-subject brain structural networks were constructed based on gray matter similarity of 90 brain regions. The area under the curve (AUC) of each network metric was calculated and both global and nodal network properties were measured in graph theory analysis. We used nonparametric permutation tests to identify group differences in topological metrics. Relationships between brain network measures and clinical symptom severity were analyzed in the PTSD group. Compared with TEC, brain networks of PTSD patients were characterized by decreased clustering coefficient (C p ) (p = .04) and local efficiency (E loc ) (p = .04). Locally, patients with PTSD exhibited altered nodal centrality involving medial superior frontal (mSFG), inferior orbital frontal (iOFG), superior parietal (SPG), middle frontal (MFG), angular, and para-hippocampal gyri (p < .05, corrected). A negative correlation between the segregation (C p ) of gray matter and functional networks was found in PTSD patients but not the TEC group. Analyses of topological brain gray matter networks indicate a more randomly organized brain network in PTSD.
area under the curve (AUC) of each network metric was calculated and both global and nodal network properties were measured in graph theory analysis. We used nonparametric permutation tests to identify group differences in topological metrics. Relationships between brain network measures and clinical symptom severity were analyzed in the PTSD group. Compared with TEC, brain networks of PTSD patients were characterized by decreased clustering coefficient (C p ) (p = .04) and local efficiency (E loc ) (p = .04). Locally, patients with PTSD exhibited altered nodal centrality involving medial superior frontal (mSFG), inferior orbital frontal (iOFG), superior parietal (SPG), middle frontal (MFG), angular, and para-hippocampal gyri (p < .05, corrected). A negative correlation between the segregation (C p ) of gray matter and functional networks was found in PTSD patients but not the TEC group. Analyses of topological brain gray matter networks indicate a more randomly organized brain network in PTSD.
The reduced segregation in gray matter networks and its negative relation with increased segregation in the functional network indicate an inverse relation between gray matter and functional changes. The present psychoradiological findings may reflect a compensatory increase in functional network segregation following a loss of segregation in gray matter networks.
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gray matter network, PTSD, psychoradiology, single-subject, structural MRI, topological organization 1 | INTRODUCTION Posttraumatic stress disorder (PTSD) is a psychiatric condition that can develop following exposure to extremely traumatic life events. Its lifetime prevalence is 6.8% of the adult population (Kessler et al., 2005) , and it occurs in 24% of individuals after severe stressors such as occur in military veterans and earthquake survivors (Dai et al., 2016) . With chronic and fluctuating symptoms including reexperiencing the trauma, avoidance of trauma-related stimuli, negative cognitions and mood, and hyperarousal (APA, 2013) , PTSD is believed to impact multiple neural structures and functions of the human brain network (Yehuda et al., 2015) .
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Investigators have documented multiple regional brain abnormalities in PTSD during fear and stress processing in task-based fMRI studies, particularly in default mode (DMN), central executive (CEN), and salience brain networks (SN) (Menon, 2011; Rauch, Shin, & Phelps, 2006) . With long-term exposure to stress, these networks might be damaged by high levels of glucocorticoids and related stress-induced neurochemical changes (Sapolsky, Uno, Rebert, & Finch, 1990) , leading to reductions in gray matter volume and cortical thickness as previously reported (Kuhn & Gallinat, 2013; Li et al., 2014) . Dystrophic changes in gray matter have been associated with cortical dysfunction in PTSD (Yehuda et al., 2015) .
However, most previous gray matter morphological studies focused on individual brain regions, an approach which can fail to capture the complex connectivity alterations of gray matter networks that support higher cognitive and affective processes (Alexander-Bloch, Giedd, & Bullmore, 2013) .
The development of psychoradiology (https://radiopaedia.org/ articles/ psychoradiology), allow the noninvasive examination of brain in patients with psychiatric disorders. Amongst recently technical advances, graph theory analysis has become a powerful method to examine the complex connectivity of brain structure. Human brain networks have been shown to have a small-world topological organization with a high level of local clustering and short path lengths. Such network organization provides an economic trade-off between minimizing costs and allowing high global and local efficiency in information processing (Bullmore & Sporns, 2012; Watts & Strogatz, 1998) .
One previous study reported decreased small world organization of gray matter networks in a group of 40 military veterans with PTSD (Mueller et al., 2015) . However, that study investigated network properties in a group-level analysis, limiting detection of individual patient network differences and their relationship with illness severity. Moreover, most patients in that study were being treated with psychotropic medications that can affect brain networks.
We investigated graph properties of single-subject gray matter networks in PTSD using a method proposed by Tijms et al. to statistically describe gray matter networks in individual subjects using T1-weighted MRI scans (Tijms, Series, Willshaw, & Lawrie, 2012) . This approach has been successfully used to study Alzheimer's disease (Tijms, Moller, et al., 2013a; Tijms et al., 2016; Tijms et al., 2014; Tijms, Wink, et al., 2013b ) and individuals at risk for schizophrenia (Tijms et al., 2015) . We have previously used the method in pediatric PTSD and found increased small world network characteristics, the opposite finding from the Mueller et al. (2015) study in adult PTSD. This divergence may be due to age effects or network extraction methods. Given previous evidence of more randomly organized gray matter networks in many adult psychiatric disorders and a loss of small world organization of gray matter network in adult PTSD as noted above (Mueller et al., 2015) , we predicted that gray matter networks in individual PTSD patients would be shifted toward a randomized configuration. We also hypothesized that altered nodal degree and efficiency would be found in PTSD patients based on previous findings (Suo et al., 2017) , and that there would be a correlation between those network alterations and clinical severity of PTSD. (Weathers, Litz, Herman, Huska, & Keane, 1994) 8-15 months after the earthquake (Jin et al., 2014) . From that sample we selected participants who met the following criteria: (i) physically experienced the earthquake and personally witnessed death, serious injury or the collapse of buildings, (ii) no previous lifetime psychopharmacological or psychological interventions, and (iii) no known PTSD prior to the earthquake. The presence or absence of PTSD diagnosis and other psychiatric comorbidities were determined using the Structured Clinical Interview for DSM-IV (SCID; First, Gibbon, Spitzer, Benjamin, & Williams, 1997) . The Clinician Administered PTSD Scale (CAPS) was used to evaluate PTSD symptom severity in all study participants. PTSD patients were required to have a CAPS score of 50 or greater to ensure that patients had significant PTSD symptoms and met diagnostic criteria for PTSD at the time of scans. Individuals with PCL scores less than 30 and without a SCID diagnosis of PTSD were recruited as non-PTSD controls who had experienced trauma but did not have significant symptoms of PTSD. First-episode patients with PTSD (n = 89) and a demographically matched group of 88 trauma-exposed individuals who did not develop PTSD participated in MRI studies. The two groups had similar demographic characteristics, lifestyles, and earthquake experiences (Table 1) .
Selecting healthy individuals who also experienced the earthquake as a comparison group was done to control for stress exposure effects independent from the later development of PTSD, and to have comparisons with a more clinical relevance with regard to differential diagnosis. This study was approved by the Sichuan University research ethics committee. Each participant provided written informed consent.
| Data acquisition and preprocessing
Participants underwent T1 structural imaging with a 3.0-T MR imaging system (Excite; GE Healthcare, Milwaukee, WI) using an eight-channel phased-array head coil. The head was stabilized with cushions and ear plugs. Images were acquired using a spoiled gradient recalled Structural images were preprocessed using Statistical Parametric
Mapping (SPM) software (http://www.fil.ion.ucl.ac.uk/spm/software/ spm12/). Individual structural images were first segmented into gray matter, white matter, CSF, bone, soft tissue, and air/background using the default tissue probability maps as priors (Ashburner & Friston, 2005) . We visually confirmed all automatic segmentations. Then, DARTEL tools in SPM were used to create a template to determine nonlinear deformations for warping gray and white matter images into Montreal Neurological Institute (MNI) coordinate space. In this process, gray matter data were resampled to 2 mm 3 voxels and spatially smoothed (Gaussian kernel with a full width at half maximum of 6 mm).
| Extraction of brain networks
Single-subject gray matter networks were obtained based on intracortical similarity using a completely automated, data-driven method that has been previously described (Tijms et al., 2012) . Briefly, the method starts with defining the network's nodes as 3 × 3 × 3 voxel cubes (27 voxels) in standard space. These cubes keep the 3D structure of the cortex intact, thereby including spatial information from the MRI scan in addition to gray matter values in voxels. By keeping spatial information intact, the cubes contain a quantity reflecting the local thickness and folding structure of the cortex. Then the structural similarity between every pair of cubes was quantified by correlating the 27 voxels in each cube. It is this step that allows brain networks to be computed on individual patients.
Because neocortex is a curved structure, rotating a cube over cortex can change its similarity to a seed cube. Therefore, cubes were rotated to identify their maximum correlation value with seed cubes over the different rotations. After this step, a single-subject network for each participant was established. Next, unweighted and undirected graphs were constructed by binarizing the similarity matrices using a threshold for significant similarity (p < .05) determined using a FDR correction for each network. Because the sparsity threshold of individual networks might induce spurious changes that could drive the higher order integration/ segregation measures in patient-control studies (van den Heuvel, et al., 2017; Van Wijk, Stam, & Daffertshofer, 2010) , we calculated the overall sparsity for each individual and then compared these values across groups (Table 1) . Groups did not differ in brain network sparsity.
Similarity based gray matter networks defined in this way have different sizes. As network properties can vary with network size (Van Wijk et al., 2010) , it is critical to normalize gray matter networks to have the same number of nodes across participants. To achieve this, we followed the methodology proposed by Batalle et al. (2013) to normalize single subject gray matter networks using the 90-node Automated Anatomical
Labeling (AAL) parcellation template. To perform the normalization, each cube was assigned to a ROI (brain region) of the AAL atlas based on the ROI to which most of the voxels of the cube belonged (Batalle et al., 2013) . Each pair of ROIs in the AAL atlas was considered to be connected with a weight corresponding to the ratio of actual significant cube-tocube correlations by the total possible connections between all the cubes belonging to the two ROIs included in the previous binary network. The weight obtained is bounded between 0 and 1. Self-connections were excluded. This procedure resulted in a 90 × 90 weighted normalized network for each subject. The network measures were then calculated from the weighted normalized networks. Note that in the present study, we use the term "connection" to refer to brain network edges that have statistically similar gray matter morphology of two cubes, which can exist in the absence of direct axonal connectivity or anatomic proximity.
| Network properties
GRETNA (www.nitrc.org/projects/gretna/) software was used to calculate network properties (Wang et al., 2015) . A wide range of sparsity (S) thresholds was applied to each correlation matrix. The upper and lower limit of S values used was determined ensuring that the thresholded networks were estimable for the small-worldness scalar and that the small-world index was larger than 1.0. With these limits, our threshold range was 0.10 < S < 0.34 with an interval of 0.01. The area under the curve (AUC) reflecting measures across the sparsity parameter S was calculated for each network metric, providing a summarizing scalar for the topological characterization of brain networks that avoided the use of an arbitrary single threshold. This approach has been shown to be sensitive for detecting topological alterations of brain networks (Achard & Bullmore, 2007; He et al., 2009; Zhang et al., 2011) .
Both global and nodal network properties were calculated at each sparsity threshold. Global metrics included small-world parameters (Watts & Strogatz, 1998) : clustering coefficient C p , characteristic path length L p , normalized clustering coefficient γ, normalized characteristic path length λ, and small worldness σ. Network efficiency parameters (Achard & Bullmore, 2007) included local efficiency E loc and global efficiency E glob . Nodal degree and efficiency were examined in each ALL region.
| Statistical analysis
Between-group differences of network characteristics were analyzed using nonparametric permutation tests. We adopted the false discovery rate (FDR) to correct for multiple comparisons when comparing nodal centralities across groups (Genovese, Lazar, & Nichols, 2002) After significant between-group differences were identified, partial correlations using age, gender and whole brain gray matter volume as covariates were performed to evaluate relationships between network metrics and CAPS scores both in the combined sample and each group separately.
Region pairs with between-group differences of nodal characteristics were identified using the network-based statistics (NBS) toolbox (www.nitrc.org/projects/nbs/). First, we chose nodes that exhibited between group differences of both nodal degree and efficiency, and then created a connection matrix among those nodes for each participant. The size of the subnetwork fed into NBS was 17 × 17. Second, connections were tested for significance (p < .05 FWE-corrected network-level). The threshold t-value was set as 4.5 and the number of permutations was 5,000. Details of this approach are described elsewhere (Zalesky, Fornito, & Bullmore, 2010 1 Group differences in global topological properties between PTSD patients and trauma-exposed non-PTSD controls. Abbreviations: C p , clustering coefficient; L p , characteristic path length; γ, normalized clustering coefficient; λ, normalized characteristic path length; σ, small worldness. An asterisk designates network metrics with significant group differences [Color figure can be viewed at wileyonlinelibrary.com]
| Alterations of nodal brain network properties
Brain regions exhibiting significant between-group differences both in nodal degree and nodal efficiency were identified (FDR corrected 
| PTSD-related alterations in network connectivity
Using NBS to identify network alterations of brain regions showing between-group differences of nodal degree and nodal efficiency, we identified significantly altered networks composing 15 brain regions and 21 anatomic connections in PTSD group (corrected for multiple comparisons using FDR). The networks involved brain regions in frontal, occipital, and parietal lobes (Figure 3 ). Detailed information is provided in supplementary materials (Supporting Information Tables S1 and S2).
| Correlation of network alterations with PTSD symptom severity
Nodal degrees of left and right middle frontal gyri were significantly correlated with CAPS scores (r = .24, p = .03; r = .23, p = .04, respectively) in the PTSD group, using age, gender, and whole brain gray matter volume as covariates. We did not detect significant correlations between CAPS scores and network parameters in either participant group, or when correlations were examined in the combined group (Figure 4 ).
| Relation between structural and functional network parameters
We have previously published a functional network analysis of PTSD in this sample (Lei et al., 2015) , and conducted secondary analyses to investigate the relationship between structural and functional network properties from the same patients, imaging acquisition system and network analysis software. This analysis is described in detail in Supporting Information materials. Both global and nodal network parameters including C p , L p , E loc , E glob , sigma, nodal degree, and nodal efficiency were used to examine the relation between structural and functional network characteristics. In PTSD patients, a negative correlation between C p of gray matter and functional networks was observed (r = −.25, p = .03), which was significantly different from the correlation seen in controls (r = .20, p = .10; F = 7.55, p = .007, corrected for multiple comparisons). No other significant group differences were found in the relationship of functional and anatomic modalities ( Figure 5 ).
| DISCUSSION
The present psychoradiological study demonstrated significant alterations in topological properties of single-subject gray matter Both nodal degree and nodal efficiency of the regions above were significantly changed in PTSD group. The Benjamini-Hochberg false discovery rate correction was applied to correct for multiple group comparisons of brain regions. The p value thresholds for nodal degree and nodal efficiency were .0134 and .0118, respectively. All p values were obtained by using a permutation test. All the brain regions are from automated anatomical labeling (AAL). R = right; L = left.
networks in a relatively large population of patients with untreated PTSD relative to similarly stressed individuals who did not develop PTSD. This was achieved combining graph theoretical analysis with a method of describing patterns of intracortical similarities in individual participants using structural MRI data. We found that PTSD patients showed a more randomly organized brain network reflected in decreased C p and E loc relative to non-PTSD trauma-exposed controls. Further, the C p in the gray matter network was negatively correlated to C p of the functional network in PTSD group, which was significantly different from the association seen in the traumaexposed controls.
The human brain is typically organized as a "small world" network with two main organizational principles: segregation, reflected by clustering coefficient (C p ) or local efficiency (E loc ), and integration, reflected by shorter path length (L p ), and global efficiency (E glob ) (Bullmore & Sporns, 2012) . Our findings of decreased clustering coefficient and local efficiency in PTSD indicate that the gray matter networks of PTSD adults are shifted toward to a more random organization, which is a form of global network disruption previously reported in other neuropsychiatric disorders including Alzheimer's disease (Tijms, Moller, et al., 2013a) , schizophrenia (Bassett et al., 2008) , and major depressive disorder (Singh et al., 2013) . The reduced segregation of brain networks reflected by lower C p and E loc might contribute to impairments in cognitive function and emotion processing in patients with PTSD, as suggested by correlations between MRI measures and psychiatric ratings in PTSD patients in the present study.
The alteration of network segregation reflected by reduced C p and E loc in the present study was in the opposite direction from that seen in our previous functional study with a highly overlapping adult sample (Lei et al., 2015) . Previous studies have shown that in the The adult PTSD findings in the present study had similarities and differences from those of our previous study using the same MRI analysis pipeline and patient recruitment strategies with pediatric PTSD patients . For instance, the gray matter network organization of pediatric PTSD patients showed increased smallworldness while in the present study we observed more randomly organized networks in adult patients. As reduction of small world characteristics was also seen in adults with PTSD in Mueller et al.'s study (Mueller et al., 2015) , our findings thus suggest that PTSD affects brain gray matter networks may differ in adult and pediatric patients. Brain structural networks have been shown to exhibit significant network evolution through childhood and adolescents (Cao, Huang, Peng, Dong, & He, 2016; Khundrakpam et al., 2013) , and the impact of PTSD on brain maturation trajectory may lead to different neuroanatomic network alterations in pediatric patients.
At a regional level, our findings included decreased nodal degree and nodal efficiency in the DMN involving parahippocampus, right medial superior frontal and middle temporal gyri, and in SN regions including right inferior orbital frontal gyrus and bilateral caudate also showed decreased nodal degree and nodal efficiency. We also observed increased nodal degree and nodal efficiency in the CEN involving right precuneus, and right middle frontal and left superior parietal gyri, as well as in nodes outside this network (Table 2) However, the absence of case-control nodal differences in the hippocampus and posterior cingulate in the DMN, and the insula in the SN does not provide full support for the model (Akiki et al., 2017) .
Given that results of network properties from different modalities can vary (Di et al., 2017) , our present results that failed to identify nodal gray matter alterations in the hippocampus, PCC, and insula may result from functional and structural dissociations in some brain regions that will need to be resolved by network analysis in multimodal imaging studies.
Among regions with nodal alterations, higher nodal degree of right and left middle frontal gyrus were both significantly correlated with CAPS scores reflecting PTSD symptom severity, consistent with our hypothesis of a relationship between network alterations and clinical severity of the disorder. Middle frontal gyrus is crucial for executive control, working memory and emotion processing that are disrupted in PTSD (Morey et al., 2009) . A previous task-based fMRI study also showed that PTSD patients demonstrated disrupted responses to trauma stimuli in bilateral middle frontal cortex (Hou et al., 2007) , and it has been speculated that heightened encoding of negative expected social value in middle frontal gyrus might contribute to hypervigilance and attentional biases for threat in PTSD patients (Cisler et al., 2015) .
We examined anatomic connectivity of pairs of brain regions in which nodal alterations were observed in patients with PTSD using (Dunkley et al., 2014) , also using NBS tools, our findings emphasize the importance of abnormal long-distance connectivity in the pathophysiology of PTSD.
The present study had certain limitations. All participants were recruited after the earthquake occurred, thus it is not clear whether findings we report reflect consequences of PTSD or prior risk factors for developing the illness. Second, using Network-Based Statistic, we only tested the connectivity within the subnetwork of PTSD defined by regions with abnormal nodal properties. This was done to focus the NBS analysis specifically on pathological changes in the PTSD brain. Studies of the whole brain network might provide further information in future studies. Finally, we selected an earthquake-exposed control group who did not develop PTSD to differentiate PTSD and general stress effects. Whether and how both of these groups might differ from unstressed community controls remains to be determined.
Present study particularly adds to psychoradiology, an evolving specialty as opposed to neuroradiology, mainly for psychiatric and psychological brain (Lui et al., 2016; Kressel et al., 2017; Sun et al., 2018; Port, 2018) . 
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